It has been recognized that "cross-talk" occurs between coronary flow and left ventricular (LV) function. this study tested the hypothesis that impairment of coronary flow reserve (CFr) in arterial hypertension is associated with LV systolic and diastolic dysfunction, independent of abnormalities in LV geometry.
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Methods
We studied 59 newly diagnosed, never-treated hypertensive patients, using transthoracic Doppler echocardiography including pulsed tissue Doppler of mitral annulus and CFr on left anterior descending artery (low-dose dipyridamole). the study population was divided into two groups on the basis of age-normalized relative wall thickness (rWtn): 36 patients with normal LV geometry (rWtn ≤ 0.41) and 23 patients with LV concentric geometry (rWtn > 0.41). results patients with LV concentric geometry (rWtn > 0.41) had significantly lower values of midwall shortening (but not of endocardial shortening), longer isovolumic relaxation time (IVrt), lower tissue Doppler-derived early diastolic velocity (e m ), higher ratio of transmitral e velocity to e m , and lower CFr as compared to patients with normal LV geometry (rWtn ≤ 0.41). In the whole population, a lower CFr was significantly associated with lower values of midwall shortening and e m , longer IVrt, and higher e/e m ratio. After controlling for heart rate, mean blood pressure, and rWtn, only the relation of CFr with IVrt, e m , and e/e m ratio remained significant. conclusions reduced midwall mechanics is associated with lower CFr, a relationship that depends on LV concentric geometry. A reduced CFr is associated with both impaired relaxation and increased filling pressure, a relation that is independent of LV geometry and pressure load. Arterial hypertension induces left ventricular (LV) adaptation to the increased workload, resulting in alterations in LV geometry. 1, 2 Under these circumstances, disturbed myocardial calcium fluxes, modifications of the collagen network, alteration of fiber orientation and torsional movements combine to produce abnormalities in both diastolic and systolic functions of the left ventricle. While changes in diastolic function are more easily detectable when myocardial interstitial fibrosis develops and abnormal LV concentric geometry occurs, 3, 4 LV ejection fraction remains normal or even appears to be higher for a long time because of wall thickening and disposition of myocardial fibers into the myocardium. In fact LV midwall shortening has been shown to be a better index of systolic function in the presence of LV concentric geometry, 5, 6 and its prognostic value has been demonstrated. 7 In contrast to ejection fraction, depressed midwall shortening is also associated with abnormalities in LV relaxation 8 and with impaired LV filling. 9 In the natural history of arterial hypertension, alterations in coronary microcirculation also develop, 10 mainly because of structural changes in the intramyocardial arteries, increased coronary arteriolar tone, endothelial dysfunction, and/or extravascular compression. [11] [12] [13] The coronary microcirculation state may be studied by means of noninvasive assessment of coronary flow reserve (CFR). 14, 15 As with LV diastolic and systolic dysfunction, impairment of CFR has also been found to be associated with LV concentric remodeling and hypertrophy, [14] [15] [16] in the absence of epicardial coronary artery stenosis. An interaction between alterations in the interstitium and coronary microcirculation is likely to initiate and maintain a reduction in myocardial perfusion which, in turn, can result in depression of myocardial systolic performance 16, 17 and impairment of LV myocardial distensibility. 14 We hypothesize that the alteration in myocardial coronary microcirculation could articles Coronary Flow Reserve and Diastolic Function be one of the factors linking LV concentric geometry with LV systolic and diastolic dysfunction. Accordingly, we tested the hypothesis that impairment of CFR in arterial hypertension is associated with LV systolic and diastolic dysfunction, independent of the changes in LV geometry.
Study population. We studied 59 consecutive outpatients (female/male = 12/47, mean age 49.6 ± 7.5 years) with newly diagnosed, never-treated, arterial hypertension. Patients gave written informed consent for the assessment of CFR. The procedure was approved by the Ethics Committee of Federico II University Hospital. The diagnosis of hypertension was arrived at in accordance with current European Society of HypertensionEuropean Society of Cardiology recommendations. 18 Exclusion criteria were: diabetes mellitus, congestive heart failure, coronary artery disease, valvular heart disease, atrial fibrillation, inadequate echocardiographic quality, and use of any cardioactive medications. Coronary artery disease was excluded on the basis of both negative history of angina and absence of inducible myocardial ischemia (maximal exercise test), as tested using single photon emission computed tomography.
Procedures.
Standard echocardiographic examination: Standard Doppler echocardiographic and pulsed Tissue Doppler examinations were performed using a Vivid Seven ultrasound scanner (GE, Horten, Norway) and a 2.5 transducer with harmonic capability, in accordance with our laboratory standards. 19 LV mass was normalized for height to the power of 2.7 (ref. 20) . LV systolic function was evaluated both as endocardial fractional shortening and midwall fractional shortening. 7 Circumferential end-systolic stress was calculated according to a standard formula. 21 Relative diastolic wall thickness (ratio of the sum of interventricular septal thickness plus posterior wall thickness to LV end-diastolic diameter) was normalized for age (RWTn). 22 In addition, to determine whether individual LV mass was appropriate for the associated hemodynamic load, the observed value of LV mass in each subject was divided by the value predicted using a validated equation including gender, height 2.7 and stroke work in g-meters. 23 That is, the ratio of observed/predicted LV mass was calculated as the deviation of individual values from the sex-specific value appropriate for the related workload. Values of this ratio >128% were defined as "inappropriate LV mass" while values <128% were designated as "appropriate LV mass. " 13 Transmitral pulsed Doppler and pulsed Tissue Doppler were recorded in an apical four-chamber view. The pulsed Tissue Doppler sample volume was placed at the level of both basal lateral mitral annulus and basal septal annulus, in accordance with our standard laboratory methods. 24 Myocardial peak systolic velocity (S m ) and myocardial peak early diastolic relaxation velocity (E m ), were measured at both the levels and averaged. 25 The ratio of transmitral peak early velocity (E) to average E m (E/E m ratio) was used as a validated raw estimate of LV filling pressure. 25 CFR evaluation: Color Doppler assessment of distal left anterior descending artery was performed using a 5 MHz shallow-focus phased-array transducer in a foreshortened apical two-chamber view. The Doppler sample volume was placed on the color signal of the left anterior descending artery and the spectral PW-Doppler signal was recorded so as to examine the characteristic biphasic flow pattern with a larger diastolic and a smaller systolic component. Coronary blood flow velocities were recorded in each patient, both at rest and after hyperemia obtained by low-dose dipyridamole administration (0.56 mg/kg over 4 min). Heart rate, BP, and ECG were monitored during the test. All images were analyzed off-line by two observers who were blinded as to the characteristics of the patients. For calculating CFR, diastolic peak velocities were measured by averaging the three highest diastolic velocities from the spectral Doppler signals, with the patients at rest and also after dipyridamole infusion. CFR was defined as the ratio of hyperemic to resting diastolic peak velocities. The methods and reproducibility (intraobserver and interobserver variability 1.9 and 4.2%, respectively) of our laboratory in respect of measurement of CFR have been previously described. 26 Statistical analysis. The data are presented as mean values ± s.d. They were analyzed using one-factor ANCOVA or χ 2 , and the computation of the exact P value was carried out using the MonteCarlo method. Least squares linear regression was used for evaluating univariate correlates of CFR. Multiple linear regression analyses were used for studying independent correlates of CFR, with potential multicollinearity also being considered, by computation of in-model tolerance. Collinearity was considered acceptable and the regression model stable at tolerance >0.70. The null hypothesis was rejected at P ≤ 0.05.
results
The patients were divided in two subgroups on the basis of LV geometric patterns, with a suggested cutoff point of RWTn (90th percentile). 22 Accordingly, 23 patients with RWTn >0.41 (0.45 ± 0.03) were classified as having LV concentric geometry (i.e., concentric LV remodeling or hypertrophy) and the other 36 with RWTn ≤0.41 (0.35 ± 0.04) were considered as having normal LV geometry (i.e., normal left ventricle or eccentric LV hypertrophy).
The demographic and Doppler echocardiographic characteristics of patients with normal and concentric LV geometry are listed in Table 1 . Sex distribution, age, body mass index, BP, and heart rate were not different between the two groups. No significant difference in the prevalence of the traditional risk factors (smoking, diabetes mellitus, hypercholesterolemia, hypertriglyceridemia, and obesity) was found between the two groups (data not shown in table). The LV diameter was smaller in patients with concentric LV geometry (P < 0.02), whereas the LV mass index in these patients was higher than in those with normal LV geometry (P < 0.05). Patients with concentric LV geometry had lower values of end-systolic stress and midwall shortening (both P < 0.002) than those with normal LV geometry, but there were no significant differences in articles Coronary Flow Reserve and Diastolic Function endocardial shortening and S m velocities. The transmitral peak E velocity was lower (P < 0.05), isovolumic relaxation time (IVRT) was longer (P < 0.02), E m was lower (P < 0.01), and E/E m ratio higher (P < 0.01) in patients with concentric LV geometry than in those with normal LV geometry. No significant differences were detected between the two groups in peak A velocity and deceleration time of E velocity.
The visualization of coronary flow velocity pattern was adequate in all the study participants, even without the aid of contrast agents. No participant experienced either major adverse effects or angina symptoms during dipyridamole infusion. Table 2 displays the results of the CFR test. At comparable resting coronary flow velocity, and for both resting and postchallenge rate-pressure product, the coronary peak flow velocity after dipyridamole increased less in patients with LV concentric geometry than in those with LV normal geometry (P < 0.01), resulting in a significantly lower CFR (P < 0.005). It is interesting to note that resting diastolic BP was not significantly modified in either of the groups by low-dose dipyridamole administration, while the rate-pressure product was significantly increased in comparison with resting values in both LV geometric pattern groups (P < 0.0001) (data not shown in table). When the study population was divided on the basis of the appropriateness of LV mass to workload, 13 CFR was lower in 20 patients with inappropriate LV mass (1.74 ± 0.4) than in 39 patients with appropriate LV mass (2.06 ± 0.4) (P < 0.005).
correlates of cFr
In the whole study population, CFR was negatively related to pressure load, including resting systolic BP (r = −0.27, P < 0.05), diastolic BP (r = −0.39, P < 0.002), and mean BP (r = −0.38, P = 0.003), but not with a crude indicator of volume load such as LV end-diastolic diameter (r = 0.06, nonsignificant).
No significant associations were found for either resting or postchallenge flow velocity with measurements of LV systolic articles
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and diastolic functions at rest. However, CFR was negatively related with LV mass index (r = −0.40, P < 0.002) and with RWTn (r = −0.47, P < 0.0001), whereas it showed a positive association with resting midwall shortening (r = 0.37, P < 0.005) though not with endocardial shortening (r = 0.10). CFR was also correlated positively with transmitral peak E velocity (r = 0.26; P < 0.05), and E m (r = 0.45, P < 0.0001; Figure 1b) , and negatively with IVRT (r = −0.31, P < 0.01; Figure 1a ) and E/E m ratio (r = −0.36, P < 0.005) (Figure 2 ).
Multivariate analyses
Multiple linear regression models (Tables 3 and 4) were generated to verify the associations of both IVRT and E/E m ratio with CFR and midwall shortening in the whole hypertensive patient sample. In all the models, heart rate, diastolic BP, and RWTn were considered as potential confounders. In model no. 1 (Table 3) , IVRT prolongation was independently related to lower CFR, with additional contribution from high heart rate. In model no. 2, CFR reduction was independently associated with both prolonged IVRT and increased RWTn. In model no. 3, reduction of midwall shortening was independently related only to higher RWTn. Similar models were evaluated with E/E m ratio substituted in place of IVRT (Table 4) . In model no. 1, an increase in E/E m ratio was independently related to lower CFR and higher RWTn. In model no. 2, CFR reduction was independently related to higher RWTn, higher diastolic BP and higher E/E m ratio. In model no. 3, reduction in midwall shortening was independently related only to higher RWTn.
It is important to note that the results of the multivariate analyses remained substantially unmodified even after replacing diastolic BP with mean BP and also after replacing RWTn with LV mass as a percentage of the predicted value (data not shown).
discussion
In a sample of hypertensive subjects presenting the expected relationships between native LV geometry and hemodynamic characteristics, impaired CFR is associated with both abnormal LV relaxation and increased LV filling pressure, independent of abnormalities in LV geometry and pressure overload. Also, our findings reinforce the notion that reduced CFR is strongly associated with LV concentric geometry, a finding that parallels the relation of CFR reduction with inappropriateness of LV mass, 13 and that the relation of low CFR with depressed midwall mechanics is substantially influenced by abnormalities of LV geometry.
The integration of these results allows the design of a possible pathophysiologic scenario linking coronary microcirculation with alterations in LV geometry 14, 27 and with both systolic and diastolic functions. 28, 29 In the absence of coronary artery disease, CFR reduction in hypertensive patients is likely to initiate a process of abnormal microvascular perfusion paralleling increased metabolic demand caused by pressure overload and increased wall thickness. The reduction in microvascular perfusion can be also influenced by the increase in LV filling pressure, which enhances extravascular coronary resistance. 30 Because most of the coronary filling occurs during LV active relaxation, when the gradient between aortic pressure and coronary circulation is maximal, 31 the delay in LV relaxation can also contribute to reducing hyperemic diastolic coronary flow. 32, 33 All these characteristics feature pressure overloaded LV concentric remodeling and hypertrophy. It is possible that progressive reparative fibrosis caused by chronic microvascular impairment results in impairment of midwall function, whereas endocardial shortening is protected by LV concentric geometry.
Consistent with the above hypothesis, our data suggest that, in hypertensive patients who are free of coronary artery disease, impaired CFR is associated with delayed relaxation and, most important, this relationship is independent of LV geometry. Model no. 1 of Table 4 supports a traditional view, namely, that impaired LV diastolic relaxation (dependent variable) depends on alterations in CFR. However, the reverse causation is also possible when considering model no. 2, namely, that the altered LV relaxation has a negative effect on the ability of coronary microvessel flow to increase under hyperemic stimulation.
Actually, a relation between coronary flow and LV diastolic function is seen during acute myocardial ischemia in both experimental 34 and humans models. 35 However, such a relationship is not found in conditions of chronic pressure overload and in the absence of documented myocardial ischemia, two characteristics that define our study population. Masuyama et al. 36 found that the time constant of LV isovolumic pressure (τ) as measured by cardiac catheterization is associated with decreased coronary flow in early diastole at rest and with decreased coronary flow throughout diastole as recorded by invasive Doppler flow wire during pacing-induced tachycardia, even in patients without coronary artery stenosis. We have previously observed an independent relationship between CFR and myocardial E m /A m ratio as assessed by off-line, color Tissue Doppler analysis at peak dobutamine stress in patients with uncomplicated hypertension. 26 This study further supports the hypothesis of a "cross-talk" between LV diastolic function and coronary microcirculation in the hypertensive heart, and is the first to show that simple, noninvasive indices of LV relaxation (IVRT and E m velocity) at rest are independently associated with CFR.
This study also explored the relation between CFR and the E/E m ratio, a reliable estimate of LV mean diastolic pressure. 25 As was seen for the relation between CFR and LV active relaxation, CFR was negatively related to estimated LV diastolic pressure, also independent of changes of LV geometry. That the statistical significance of this association in our population would be relatively marginal could be expected given that patients with overt heart failure (having the highest levels of LV filling pressure) were excluded at the time of selection, thereby reducing the range of variability (no patients in this study had an E/E m ratio >15, a cutoff value indicating abnormally increased LV filling pressure). 25 This range limitation makes the existence of the relation between CFR and LV diastolic pressure even more interesting, because it suggests that the association is biologically relevant even at lower levels of LV filling pressure. A cause-effect relationship cannot be inferred given the cross-sectional design of the study. If coronary microcirculation can be considered as a main determinant of the degree of LV filing pressure, higher levels of LV filing pressure may contribute greatly to the alteration in coronary vasomotion. 29 In addition to the absence of Doppler assessment of LV diastolic measurements after dipyridamole challenge, another potential (albeit unlikely) limitation of our study needs to be considered. The use of low-dose dipyridamole may be insufficient to achieve maximal coronary vasodilation and to carry out effective diagnosis of left anterior descending artery stenosis. 37 However, all the patients selected for this study had a very low probability of having significant coronary artery disease. In addition, the choice of low-dose dipyridamole was based on the evidence that a high dose (0.84 mg/kg total dose) produces a more marked increase in heart rate and thereby in myocardial oxygen demand, generating possible changes in the articles Coronary Flow Reserve and Diastolic Function hemodynamic profile that would have made the modification in CFR more difficult to interpret. Finally, a delayed recruitment of CFR can be hypothesized in the presence of greater stiffness of the left ventricle, in which low-dose dipyridamole could induce a blunted post-challenge increase in coronary flow velocity, it being due to the impairment of coronary vasodilation during early relaxation, and a preserved increase of the same flow velocity at the high dose. 38 In conclusion, this study shows that, in arterial hypertension, the association of abnormal coronary microcirculation with LV systolic dysfunction is mediated by LV concentric geometry, whereas the associations with diastolic relaxation and LV filling pressure are substantially independent of structural or hemodynamic confounders. In conjunction with the knowledge that abnormal LV relaxation predicts increased cardiovascular risk, 39, 40 this finding suggests a pathophysiological mechanism and opens a research track to demonstrate that manipulation of lusitropism might influence CFR, an argument that might have therapeutic implications.
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